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1

METHODS OF PRODUCING
ISOMERIZATION CATALYSTS

BACKGROUND

Field

The present disclosure generally relates to catalyst com-
positions and, more specifically, to 1somerization catalysts,
methods of making the isomerization catalysts, and methods
of using the i1somerization catalyst i the production of
olefins.

Technical Background

In recent years, there has been a dramatic increase 1n the
demand for propene to feed the growing markets for poly-
propylene, propylene oxide, and acrylic acid. Currently,
most of the propene produced worldwide (approximately 74
million tons/year) 1s produced as a by-product from steam
cracking units (57%), which primarily produce ethylene, or
as a by-product from Fluid Catalytic Cracking (FCC) units
(30%), which primarily produce gasoline. These processes
cannot respond adequately to the rapid increase 1n propene
demand. As a result, alternative methods to directly produce
propene have been developed and, in particular, methods of
producing propene from butene-containing feedstocks.

The production of propene from butene-containing feed-
stocks can be accomplished through the metathesis of the
butene to propene and other olefin compounds. Metathesis
of butene to produce propene can better meet the growing
demand for propene. Some metathesis processes to produce
propene Ifrom butene-containing feedstocks include an
1Isomerization reaction step to increase the overall yield and
propene selectivity of the metathesis process. Isomerization
can be accomplished by contacting butene in the butene-
containing feedstock with an 1somerization catalyst
upstream of or during the metathesis. However, conven-
tional 1somerization catalysts and, as a result, conventional
propene production processes are inetlicient, often failing to
convert almost 25% of butenes and only resulting 1 a
comparatively small propene yield.

SUMMARY

Accordingly, there 1s an ongoing need for improved
1somerization catalysts with increased catalytic activity that,
as a result, increase the conversion rate of butenes and the
yield of propene from butene metathesis processes. The
present disclosure 1s directed to methods of producing an
1somerization catalyst through the hydrothermal synthesis of
magnesium oxide. The present disclosure 1s also directed to
methods of producing propene from a butene-contaiming,
teedstock through 1somerization with the 1somerization cata-
lyst of the present disclosure and metathesis of butene to
produce propene. The 1somerization catalyst produced by
the methods of the present disclosure may have increased
thermal stability, which may result 1n a reduced deactivation
rate of the 1somerization catalyst when utilized at tempera-
tures suflicient to produce propene from the isomerization
and metathesis of butenes. Accordingly, the methods of the
producing propene of the present disclosure may have
increased efliciency, an increased conversion rate ol butenes,
and greater selectivity to and yield of propene.

According to one or more embodiments of the present
disclosure, a method of producing an isomerization catalyst
may comprise preparing a catalyst precursor solution com-
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2

prising at least a magnesium precursor, a hydrolyzing agent,
and polyethylene glycol. Additionally, the method may

further comprise hydrothermally treating the catalyst pre-
cursor solution to produce a magnesium oxide precipitant.
The method may turther comprise calcining the magnesium
oxide precipitant to produce the 1somerization catalyst.

According to one or more other embodiments of the
present disclosure, a method of producing propene from a
butene-containing feedstock may comprise contacting the
butene-containing feedstock with an 1somerization catalyst
to form an 1somerization reaction effluent and contacting the
1somerization reaction effluent with a metathesis catalyst to
produce propene. The metathesis catalyst may be disposed
in a metathesis reaction zone downstream of the 1someriza-
tion catalyst. The 1somerization catalyst may be prepared by
a method comprising preparing a catalyst precursor solution
comprising at least a magnesium precursor, a hydrolyzing
agent, and polyethylene glycol, treating the catalyst precur-
sor solution to produce a magnesium oxide precipitant, and
calcimng the magnesium oxide precipitant to produce the
1Isomerization catalyst.

Additional features and advantages of the technology
described 1n the present disclosure will be set forth 1n the
detailed description that follows and, 1n part, will be readily
apparent to those skilled in the art from the description or
recognized by practicing the technology as described 1n this
disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The following detailed description of specific embodi-
ments of the present disclosure can be best understood when
read in conjunction with the following drawings, where like
structure 1s 1ndicated with like reference numerals and in
which:

FIG. 1 schematically depicts a fixed bed continuous flow
reactor including an 1somerization reaction zone and a
metathesis reaction zone, according to one or more embodi-
ments of the present disclosure;

FIG. 2 schematically depicts another fixed bed continuous
flow reactor including an 1somerization reaction zone and a
metathesis reaction zone, according to one or more embodi-
ments of the present disclosure;

FIG. 3 graphically depicts the X-ray diffraction (XRD)
profiles of 1somerization catalysts, according to one or more
embodiments of the present disclosure;

FIG. 4 graphically depicts the XRD profiles of a silica
catalyst support before and after impregnation with tungsten
oxide, according to one or more embodiments of the present
disclosure:

FIG. 5 graphically depicts the propene yield (y-axis) as a
function of time-on-stream (1TOS) (y-axis) obtained from a
reactor for converting a butene-containing feedstock to
propene, according to one or more embodiments of the
present disclosure;

FIG. 6 graphically depicts the propene vield (y-axis) as a
function of time-on-stream (1TOS) (y-axis) obtained from a
reactor for converting a butene-containing feedstock to
propene, according to one or more embodiments of the
present disclosure; and

FIG. 7 graphically depicts the propene yield (y-axis) as a
function of time-on-stream (1TOS) (y-axis) obtained from a
reactor for converting a butene-containing feedstock to
propene, according to one or more embodiments of the
present disclosure.

For the purpose of describing the simplified schematic
illustrations and descriptions of FIGS. 1 and 2, the numerous
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valves, temperature sensors, electronic controllers, and the
like that may be employed and well-known to a person of
ordinary skill in the art are not included. Further, accompa-
nying components that are often included 1n typical chemi-
cal processing operations, carrier gas supply systems,
pumps, compressors, furnaces, or other subsystems are not
depicted. It should be understood that these components are
within the spirit and scope of the present embodiments
disclosed. However, operational components, such as those
described 1n the present disclosure, may be added to the
embodiments described 1n the present disclosure.

Arrows 1n the drawings refer to process streams. How-
ever, the arrows may equivalently refer to transfer lines,
which may serve to transier process streams between two or
more system components. Additionally, arrows that connect
to system components may define inlets or outlets 1n each
given system component. The arrow direction corresponds
generally with the major direction of movement of the
maternals of the stream contained within the physical trans-
ter line signified by the arrow. Furthermore, arrows that do
not connect two or more system components may signify a
product stream that exits the depicted system or a system
inlet stream that enters the depicted system. Product streams
may be further processed in accompanying chemical pro-
cessing systems or may be commercialized as end products.

Additionally, arrows 1n the drawings may schematically
depict process steps ol transporting a stream from one
system component to another system component. For
example, an arrow from one system component pointing to
another system component may represent “passing” a sys-
tem component effluent to another system component,
which may include the contents of a process stream “‘exit-
ing” or bemg “removed” from one system component and
“introducing’ the contents of that product stream to another
system component.

Reference will now be made 1n greater detail to various
embodiments, some embodiments of which are illustrated in

the accompanying drawings.

DETAILED DESCRIPTION

The present disclosure 1s directed to an 1somerization
catalyst and methods of producing the i1somerization cata-
lyst. In particular, the present disclosure i1s directed to
methods of producing an 1somerization catalyst through the
hydrothermal synthesis of magnesium oxide. The present
disclosure 1s also directed to methods of producing propene
from a butene-containing feedstock through isomerization
with the 1somerization catalyst of the present disclosure and
metathesis. In particular, the present disclosure 1s directed to
methods of producing propene from a butene-contaiming,
teedstock that include contacting the butene-containing
teedstock with the 1somerization catalyst made by the syn-
thesis methods of the present disclosure to produce an
1Isomerization reaction eflfluent and contacting the 1somer-
1zation reaction effluent with a metathesis catalyst to pro-
duce a metathesis effluent that includes at least propene. The
1somerization catalyst produced by the methods of the
present disclosure may have increased thermal stability,
which may result in a reduced deactivation rate of the
1somerization catalyst at temperatures suilicient to produce
propene from the 1somerization and metathesis of butenes.
Accordingly, systems 1ncorporating the 1somerization cata-
lyst produced by the present disclosure may have increased
efliciency, an increased conversion rate of butenes, and a
greater yield of propene.
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As used throughout the present disclosure, the term
“butene” or “butenes” may refer to compositions comprising
one or more than one of 1-butene, trans-2-butene, cis-2-
butene, 1sobutene, or mixtures of these i1somers. As used
throughout the present disclosure, the term ‘“normal
butenes” may refer to compositions comprising one or more
than one of 1-butene, trans-2-butene, cis-2-butene, or mix-
tures of these 1somers, and are substantially free of
isobutene. As used in the present disclosure, the term
“2-butene” may refer to trans-2-butene, cis-2-butene, or a
mixture of these two 1somers. As used in the present
disclosure, the term “‘substantially free” of a component
means less than 1 wt. % of that component in a particular
portion of a catalyst, stream, or reaction zone. For example,
a composition, which may be substantially free of 1sobutene,
may comprise less than 1 wt. % of 1sobutene.

As shown 1n Reaction 1 (RXN 1), the 1somerization of
2-butene to 1-butene, and the isomerization of 1-butene to
2-butene, 1s an equilibrium reaction, as denoted by the
bi-directional arrows with single heads. The 1somerization
of 2-butene and 1-butene may be achieved with an 1somer-
ization catalyst. As used in the present disclosure, the term
“1somerization catalyst” may refer to a catalyst that pro-
motes 1somerization ol alkenes, including, for example,
1somerization of 2-butenes to 1-butene. As shown in Reac-
tion 2 (RXN 2), the cross-metathesis of 1-butene and
2-butene may produce 1-propene and 2-pentene. As used 1n
the present disclosure, the term “cross-metathesis™ may refer
to an organic reaction that involves the redistribution of
fragments ol alkenes by the scission and regeneration of
carbon-carbon double bonds. In the case ol metathesis
between 2-butene and 1-butene, the redistribution of these
carbon-carbon double bonds through metathesis produces
propene and C.-C olefins. The cross-metathesis of 1-butene
and 2-butene may be achieved with a metathesis catalyst. As
used 1n the present disclosure, the term “metathesis catalyst™
may refer to a catalyst that promotes the metathesis reaction
of alkenes to form other alkenes. The metathesis catalyst
may also 1somerize 2-butenes to 1-butene through a “seli-
metathesis” reaction mechanism.

RXN 1

i1somerization

CH Catalyst
H,C /\/ 3 =

- CHj
HEC/\/

2-butene 1 -butene
RXN 2
Metathesis
CHsj CHj Catalyst
o C/\/ 4 /\/ -
3 H->C
2-butene 1-butene

HEC/\CHg + H;C /\/\cm

1-Propene 2-Pentene

Referring to RXN 1 and RXN 2, the 1somerization and
metathesis reactions are not limited to these reactants and
products; however, RXN 1 and RXN 2 provide a simplified
illustration of the reaction methodology. As shown in RXN
2, metathesis reactions may take place between two alkenes.
The groups bonded to the carbon atoms of the carbon-carbon
double bond may be exchanged between the molecules to
produce two new alkenes with the exchanged groups. The
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specific metathesis catalyst that 1s selected may generally
determine whether a cis-1somer or trans-1somer 1s formed, as
the formation of a cis-1somer or a trans-isomer may be, at
least partially, a function of the coordination of the alkenes
with the catalyst.

In operation, a product stream comprising propene may
be produced from a feedstock containing butene through
1somerization and metathesis by contacting the feedstock
with an 1somerization catalyst and a metathesis catalyst.
Optionally, the metathesis reaction effluent, which may
comprise C.-C, olefins, may be contacted with a cracking
catalyst to further increase the yield of propene through the
cracking of the C.-C, olefins. The feedstock may comprise
1-butene, trans-2-butene, cis-2-butene, or combinations of
these. The feedstock may further comprise other C,-C,
components. The presence of 1sobutene and other 1nert gases
or non-olefinic hydrocarbons, such as n-butane, in the feed-
stock do not negatively aflect the target 1somerization and
metathesis reactions, and the amount of any side products
formed as a result of their presence in the feedstock do not
allect the overall yield of total propene.

Referring now to FIG. 1, a system for producing propene
from a feedstock containing butene 1s depicted, the system
being designated by reference number 100. The system 100
may include an 1somerization reaction zone 110 and a
metathesis reaction zone 120. The metathesis reaction zone
120 may be positioned downstream of the isomerization
reaction zone 110. The 1somerization reaction zone 110 and
the metathesis reaction zone 120 may be disposed within a
single reactor 130 or in multiple reactors. As depicted 1n
FIG. 1, a feedstock 140 may be introduced into the reactor
130, and a metathesis effluent 150 may be passed out of the
reactor 130. Accordingly, the feedstock 140 may be intro-
duced 1nto the reactor 130, passed through the 1somerization
reaction zone 110, passed through the metathesis reaction
zone 120, and passed out of the reactor 130 as the metathesis
cilluent 150.

As described previously 1n the present disclosure, the
teedstock 140 may comprise 1-butene, cis-2-butene, trans-
2-butene, or combinations of these. The feedstock 140 may
comprise from 10 wt. % to 100 wt. % 1-butene based on the
total weight of the feedstock 140. For example, the feed-
stock 140 may comprise from 10 wt. % to 80 wt. %, from
10 wt. % to 60 wt. %, from 10 wt. % to 40 wt. %, from 10
wt. % to 20 wt. %, from 20 wt. % to 100 wt. %, from 20 wt.
% to 80 wt. %, from 20 wt. % to 60 wt. %, from 20 wt. %
to 40 wt. %, from 40 wt. % to 100 wt. %, from 40 wt. % to
80 wt. %, from 40 wt. % to 60 wt. %, from 60 wt. % to 100
wt. %, from 60 wt. % to 80 wt. %, or from 80 wt. % to 100
wt. % 1-butene based on the total weight of the feedstock
140. The feedstock 140 may comprise from 10 wt. % to 100
wt. % 2-butene (that 1s, cis-2-butene, trans-2-butene, or
both) based on the total weight of the feedstock 140. For
example, the feedstock 140 may comprise from 10 wt. % to
80 wt. %, from 10 wt. % to 60 wt. %, from 10 wt. % to 40
wit. %, from 10 wt. % to 20 wt. %, from 20 wt. % to 100 wt.
%, from 20 wt. % to 80 wt. %, from 20 wt. % to 60 wt. %,
from 20 wt. % to 40 wt. %, from 40 wt. % to 100 wt. %, from
40 wt. % to 80 wt. %, from 40 wt. % to 60 wt. %, from 60
wt. % to 100 wt. %, from 60 wt. % to 80 wt. %, or from 80
wt. % to 100 wt. % 2-butene based on the total weight of the
feedstock 140. Additionally, the feedstock 140 may be
substantially free of ethylene. For example, the feedstock
140, which may be substantially free of ethylene, may
comprise less than 1 wt. % of ethylene.

The feedstock 140 may comprise a raflinate stream. As
used 1n the present disclosure, the term “rathinate” may refer
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to the residue C, stream from a naphtha cracking process or
from a gas cracking process when components are removed
(the C, stream typically containing, as its primary compo-
nents, n-butane, 1-butene, 2-butene, i1sobutene, and 1,3-
butadiene, and optionally some isobutane and said chief
components together forming up to 99% or more of the C,
stream). The feedstock 140 may comprise a raiflinate-1
stream. As used in the present disclosure, the term “rathnate-
17 may reter to the C, residual obtained after separation of
1,3-butadiene from a raflinate stream, and comprises mainly
2-butene, 1-butene, and isobutene, which may make up
greater than or equal to 55 wt. % of the raflinate-1 stream.
For example, the raflinate-1 stream may comprise from 10
wi. % to 30 wt. % of 2-butene, from 25 wt. % to 50 wt. %
of 1-butene, and from 20 wt. % to 50 wt. % 1sobutene, based
on the total weight of the rathinate-1 stream. The feedstock
140 may comprise a raflinate-2 stream. As used in the
present disclosure, the term “rathnate-2” may refer to the C,
residual obtained after separation of 1,3-butadiene and
isobutene from a rathnate stream, and comprises mainly
2-butene, 1-butene, and n-butane, which may make up
greater than or equal to 45 wt. % of the raflinate-2 stream.
For example, the rathnate-2 stream may comprise from 20
wt. % to 60 wt. % of 2-butene, from 10 wt. % to 60 wt. %
of 1-butene, and from 15 wt. % to 25 wt. % n-butane, based
on the total weight of the ratlinate-2 stream. The feedstock
140 may comprise a railinate-3 stream. As used in the
present disclosure, the term “rathnate-3” may refer to the C,
residual obtained after separation of 1,3-butadiene,
1sobutene, and 1-butene from the C, rathnate stream, and
comprises mainly 2-butene, n-butane, and unseparated
1-butene, which may make up greater than or equal to 40 wt.
% of the raflinate-3 stream. For example, the rathnate-3
stream may comprise from 30 wt. % to 70 wt. % of 2-butene
and from 10 wt. % to 30 wt. % of n-butane, based on the total
weight of the rathinate-3 stream.

While the 1somerization reaction zone 110 and the metath-
es1s reaction zone 120 are depicted 1 FIG. 1 as being in a
single reactor, 1t should be understood that each reaction
zone (that 1s, the 1somerization reaction zone 110 and the
metathesis reaction zone 120) may be disposed 1n separate
reactors, arranged in series. Accordingly, the two reactors
may be arranged 1n series, such that the feedstock 140 may
be mtroduced 1nto a first reactor comprising the 1someriza-
tion reaction zone 110, and the resulting 1somerization
cllluent may be passed to a second reactor comprising the
metathesis reaction zone 120 to produce the metathesis
cilluent 150. Multiple reactors in series may enable each of
the 1somerization reaction zone 110 and the metathesis
reaction zone 120 to be operated at different operating
conditions. For example, the first reactor comprising the
isomerization reaction zone 110 may be operated at an
1Isomerization reaction temperature, and the second reactor
comprising the metathesis reaction zone 120 may be oper-
ated at a metathesis reaction temperature different from the
1Isomerization temperature. The 1somerization reaction tems-
perature may be less than the metathesis reaction tempera-
ture.

The 1somerization reaction zone 110 may be maintained at
an 1somerization reaction temperature sutlicient to promote
equilibration of the i1somerization reactions between
2-butene and 1-butene 1n the feedstock 140. The 1someriza-
tion reaction temperature may be from 100 degrees Celsius
(° C.) to 600° C. For example, the 1somerization reaction
temperature may be from 100° C. to 530° C., from 100° C.
to 450° C., from 100° C. to 400° C., from 100° C. to 300°
C., from 100° C. to 250° C., from 100° C. to 150° C., from
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150° C. to 600° C., from 150° C. to 550° C., from 150° C.
to 450° C., from 150° C. to 400° C., from 150° C. to 300°
C., from 150° C. to 250° C., from 250° C. to 600° C., from
250° C. to 550° C., from 250° C. to 450° C., from 250° C.
to 400° C., from 250° C. to 300° C., from 300° C. to 600°
C., from 300° C. to 550° C., from 300° C. to 450° C., from
300° C. to 400° C., from 400° C. to 600° C., from 400° C.
to 550° C., from 400° C. to 450° C., from 450° C. to 600°
C., from 450° C. to 550° C., or from 550° C. to 600° C.
These temperature ranges sufhicient to promote equilibration
of the 1somerization reactions may allow the operating
temperature of the entire system 100 to be decreased in
comparison to systems that do no comprise an 1somerization
reaction zone. Systems that do not comprise an 1someriza-
tion reaction zone rely upon the metathesis catalyst to
self-metathesize the 2-butene to 1-butene, or to self-metath-
esize the 1-butene to 2-butene. Without being bound by any
particular theory, 1t 1s believed that the 1somerization reac-
tion zone 110 1s capable of promoting equilibration of the
1somerization reactions at a lower temperature than a tem-
perature required by the metathesis catalyst to promote
self-metathesis. These lower temperatures may lead to an
increase in propene vield. These lower temperatures may
also provide the immediate benefit of lower operating costs
due to the reduced heating requirements.

The metathesis reaction zone 120 may be maintained at a
metathesis reaction temperature suflicient to promote the
cross-metathesis reaction of 2-butene and 1-butene. The
metathesis reaction temperature may be from 100 degrees
Celstus (¢ C.) to 600° C. For example, the metathesis
reaction temperature may be from 100° C. to 550° C., from
100° C. to 450° C., from 100° C. to 400° C., from 100° C.
to 300° C., from 100° C. to 250° C., from 100° C. to 150°
C., from 150° C. to 600° C., from 150° C. to 550° C., from
150° C. to 450° C., from 150° C. to 400° C., from 150° C.
to 300° C., from 150° C. to 250° C., from 250° C. to 600°
C., from 250° C. to 5350° C., from 250° C. to 450° C., from
250° C. to 400° C., from 250° C. to 300° C., from 300° C.
to 600° C., from 300° C. to 550° C., from 300° C. to 450°
C., from 300° C. to 400° C., from 400° C. to 600° C., from
400° C. to 550° C., from 400° C. to 450° C., from 450° C.
to 600° C., from 450° C. to 550° C., or from 550° C. to 600°
C. These temperature ranges suflicient to promote the cross-
metathesis reactions may allow the operating temperature of
the entire system 100 to be decreased in comparison to
systems that do not include an i1somerization reaction zone.
As described previously in the present disclosure, systems
that do no include an 1somerization reaction zone rely upon
the metathesis catalyst to self-metathesize the 2-butene to
1-butene, or to self-metathesize the 1-butene to 2-butene.
Without being bound by any particular theory, 1t 1s believed
that the metathesis reaction zone may not be capable of
promoting self-metathesis at a rate suflicient to produce the
necessary amounts of either 1-butene or 2-butene. Accord-
ingly, these lower temperatures may reduce the vyield of
propene 1n systems that do not include an 1somerization
reaction zone. These lower temperatures may also provide
the immediate benefit of lower operating costs due to the
reduced heating requirements.

Referring still to FIG. 1, the 1somerization reaction zone
110 of the system 100 may 1nclude an 1somerization catalyst
112. The 1somerization catalyst 112 may be a magnesium
oxide (MgQ) catalyst. The magnesium oxide catalyst may
promote equilibration of the 1somerization reactions of
2-butene and 1-butene 1n the feedstock 140 to 1-butene and
2-butene, respectively. For example, when the feedstock 140
has a greater concentration of 2-butene compared to
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1-butene, the magnesium oxide catalyst may 1somerize at
least a portion of the 2-butene to 1-butene. Conversely, when
the feedstock 140 has a greater concentration of 1-butene
compared to 2-butene, the magnesium oxide catalyst may
1somerize at least a portion of the 1-butene to 2-butene. The
1somerization reaction zone 110 may produce an 1someriza-
tion effluent that may comprise 1-butene, cis-2-butene,
trans-2-butene, or combinations of these. The magnesium
oxide catalyst may also reduce the production of 1sobutene
and other undesirable side-products 1n the metathesis reac-
tion zone 120. Without being bound by any particular theory,
it 1s believed that the promotion of equilibration of the
1Isomerization reaction between 2-butene and 1-butene 1n the
feedstock 140 by the magnesium oxide catalyst may main-
tain proportions of 1-butene and 2-butene i the metathesis
reaction zone 120 such that the butenes are consumed
primarily 1n the cross-metathesis reaction rather than under-
going side reactions, such as those side reactions that
produce i1sobutene. Reducing the amounts of unreacted
butene may also reduce the amount of 1sobutene.

The magnesium oxide catalyst may also be used to
remove contaminants from the feedstock 140. Metathesis
catalysts may be sensitive to poisons, such as peroxides,
water, carbon dioxide, oxygenates, heavy metals, nitrogen
compounds, and sulfur compounds, which may have a
deleterious effect on the performance of the metathesis
catalyst. The magnesium oxide catalyst 1s capable of remov-
Ing some poisons, such as peroxides, for example, that may
be present 1n the feedstock 140 in low concentrations.
Accordingly, the magnesium oxide catalyst may be used as
a guard-bed for the metathesis catalyst by removing or
destroying traces of contaminants or poisons that may be
present 1n the feedstock 140. When functioning as a guard
bed, the magnesium oxide catalyst may reduce fouling of the
metathesis catalyst activity, which may result in improved
yield of propene and longer service life of the metathesis
catalyst 1n the metathesis reaction zone. The magnesium
oxide catalyst may further enhance conversion of butene to
propene through generations of gas-phase “excited species,”
such as allyl or allyl-oxo radicals, for example, which may
be 1nitiators or precursors ol metathesis sites. By generating,
initiators or precursors of metathesis sites, the magnesium
oxide catalyst may further enhance the metathesis activities
ol the metathesis reaction zone.

As described previously 1n the present disclosure, com-
mercially-available magnesium oxide catalysts may have
poor catalytic activity, inferior thermal stability, or both,
which results 1n a decreased yield of propene. Accordingly,
the 1somerization catalyst of the present disclosure may be
prepared using a hydrothermal synthesis method. The result-
ing 1somerization catalyst may have increased thermal sta-
bility and catalytic activity compared to commercially-
available magnesium oxide catalysts. During hydrothermal
synthesis, the 1somerization catalyst may be synthesized
from the reaction of a magnesium precursor, such as but not
limited to magnesium nitrate hexahydrate, and a hydrolyz-
ing agent, such as but not limited to urea, 1n an aqueous
solution. The aqueous solution may then be hydrothermally
treated 1n order to produce a magnesium oxide precipitant.
The magnesium oxide resulting from the reaction taking
place during the hydrothermal treatment may precipitate out
of the aqueous solution as a white solid, which may then be
separated, washed, drnied, and calcined. The 1somerization
catalyst may also be prepared using a surfactant-assisted
hydrothermal synthesis method, 1n which the aqueous solu-
tion further comprises a surfactant, such as polyethylene
glycol (PEG), 1n an aqueous solution. The inclusion of a
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surfactant may increase the surface area and cumulative
volume of pores, and reduce the average particle size of the
resulting magnesium oxide.

As described previously i1n the present disclosure, the
aqueous solution used in the hydrothermal synthesis may
comprise a magnesium precursor and a hydrolyzing agent.
The magnesium precursor may be selected from one or more
of magnesium nitrate hexahydrate, magnesium acetate tet-
rahydrate, and magnesium chloride tetrahydrate. The hydro-
lyzing agent may be selected from one or more of urea, a
diamine, such as ethylene diamine, and ammonium hydrox-
ide. The aqueous solution used in the hydrothermal synthesis
may comprise the magnesium precursor and the hydrolyzing
agent 1n a molar ratio of from 1:10 to 1:1. For example, the
aqueous solution used in the hydrothermal synthesis may
comprise the magnesium precursor and the hydrolyzing
agent 1n a molar ratio of from 1:10 to 1:2, from 1:10 to 1:3,
from 1:10 to 1:4, from 1:10 to 1:3, from 1:10 to 1:6, from
1:10 to 1:7, from 1:10 to 1:8, froml 10 to 1:9, froml 9 to
1:1, from 1:9 to 1:2, from 1:9 to 1:3, fr0m19t014 from
” 9‘[015 from19t016 from19t017 from19t018
fromlSto 1:1, from 1:8 to 1:2, from 1:8 to 1:3, from 1:8
to 1:4, from 1: 8‘[01 5, from 1:8 to 1:6, from 1: 8‘[0 1.7, from
1:7 to 1:1, from 1:7 to 1:2, from 1:7 to 1:3, from 1:7 to 1:4,
from 1:7 to 1:5, from 1:7 to 1:6, from 1:6 to 1:1, 1:6 to 1:2,
from 1:6 to 1:3, from 1:6 to 1:4, from 1:6 to 1:5, from 1:5
to 1:1, from 1:5to 1:2, from 1:5 to 1:3, from 1:5 to 1:4, {from
1:4 to 1:1, from 1:4 to 1:2, from 1:4 to 1:3, from 1:3 to 1:1,
from 1:3 to 1:2, or from 1:2 to 1:1. Without being bound by
any particular theory, it 1s believed that the hydrolyzing
agent may increase the yield of magnesium oxide during the
hydrothermal synthesis by improving the seeding eflect and
crystallization of magnesium oxide during precipitation. For
example, when the aqueous solution used 1n the hydrother-
mal synthesis comprises the magnesium precursor and the
hydrolyzing agent 1n a molar ratio less than 1:10, the yield
of the magnesium oxide, and the 1somerization catalyst, may
be reduced. This reduced vield may render the process
unsuitable for the production of the 1somerization catalyst on
an industrial scale.

As described previously 1n the present disclosure, the
aqueous solution used in the hydrothermal synthesis may
turther comprise polyethylene glycol. The aqueous solution
used 1n the hydrothermal synthesis may comprise the mag-
nesium precursor and polyethylene glycol 1n a molar ratio of
from 1:0.1 to 1:0.01. For example, the aqueous solution used
in the hydrothermal synthesis may comprise the magnesium

precursor and polyethylene glycol 1n a molar ratio of from
1:0.1 to 1:0.02, from 1:0.1 to 1:0.03, from 1:0.1 to 1:0.04,

from 1:0.1 to 1:0.05, from 1:0.1 to 1:0.06, from 1:0.1 to
1:0.07, from 1:0.1 to 1:0.08, from 1:0.1 to 1:0.09, from
1:0.09 to 1:0.01, from 1:0.09 to 1:0.02, from 1:0.09 to
1:0.03, from 1:0.09 to 1:0.04, from 1:0.09 to 1:0.05, from
1:0.09 to 1:0.06, from 1:0.09 to 1:0.07, from 1:0.09 to
1:0.08, from 1:0.08 to 1:0.01, from 1:0.08 to 1:0.02, from
1:0.08 to 1:0.03, from 1:0.08 to 1:0.04, from 1:0.08 to
1:0.05, from 1:0.08 to 1:0.06, from 1:0.08 to 1:0.07, from
1:0.07 to 1:0.01, from 1:0.07 to 1:0.02, from 1:0.07 to
1:0.03, from 1:0.07 to 1:0.04, from 1:0.07 to 1:0.05, from
1:0.07 to 1:0.06, from 1:0.06 to 1:0.01, 1:0.06 to 1:0.02,
froml 0.06 to 1: 003 from 1:0.06 to 1: 004 from 1: 006‘[0
1:0.03, from 1:0.05 to 1:0.01, from 1:0.05 to 1:0.02, from
1:0.05 to 1:0.03, from 1: 005 to 1:0.04, from 1: 004 to
1:0.01, from 1:0.04 to 1:0.02, from 1:0.04 to 1:0.03, from
1:0.03 to 1:0.01, from 1:0.03 to 1:0.02, or from 1:0.02 to
1:0.01. Without belng bound by any particular theory, it 1s
beheved that polyethylene glycol may act as a surface
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directing agent during hydrothermal synthesis, aflecting the
mesoporosity of the resulting magnesium oxide and, as a
result, the surface area and pore volume of the 1somerization
catalyst. For example, when the aqueous solution used 1n the
hydrothermal synthesis comprises the magnesium precursor
and polyethylene glycol in a molar ratio less than 1:0.1, the
surface area and pore volume of the resulting 1somerization
catalyst may be reduced, resulting 1n a decrease 1n catalytic
activity.

The pH of the aqueous solution used in the hydrothermal
synthesis may be adjusted such that the aqueous solution 1s
more acidic or more basic. The pH of the aqueous solution
used in the hydrothermal synthesis may be adjusted such
that the pH of the aqueous solution 1s from 3 to 7. For
example, the pH of the aqueous solution used 1n the hydro-
thermal synthesis may be adjusted such that the pH of the
aqueous solution 1s from 3 to 6, from 3 to 5, from 3 to 4,
from 4 to 7, from 4 to 6, from 4 to 3, from 5 to 7, from 5 to
6, or from 6 to 7. In embodiments, the pH of the aqueous
solution used 1n the hydrothermal synthesis may be adjusted
such that the pH of the aqueous solution 1s from 8 to 12. For
example, the pH of the aqueous solution used in the hydro-
thermal synthesis may be adjusted such that the pH of the
aqueous solution 1s from 8 to 11, from 8 to 10, from 8 to 9,
from 9 to 12, from 9 to 11, from 9 to 10, from 10 to 12, from
10 to 11, or from 11 to 12. Without being bound by any
particular theory, 1t 1s believed that the pH of the aqueous
solution may aflect the yield of the 1somernzation catalyst,
the morphology of the 1somerization catalyst, or both. For
example, acidic or basic aqueous solutions may result 1n the
increased precipitation ol magnesium oxide during hydro-
thermal synthesis and, as a result, increase the yield of the
1somerization catalysts. Additionally, the morphology of the
1Isomerization catalyst, which may increase or decrease the
catalytic activity, may be determined by the presence of
anionic and cationic species within the aqueous solution. In
particular, the anionic and cationic species, the concentra-
tion of which increases with the acidity or basicity of the
aqueous solution, may be responsible for stearic hindrance
during hydrothermal synthesis. Such stearic hindrance may
aflect the morphology of the resulting magnesium oxide and,
as a result, increases the catalytic activity of the 1someriza-
tion catalyst.

As described previously in the present disclosure, the
aqueous solution may be hydrothermally treated 1n order to
produce a magnesium oxide precipitant. The hydrothermal
treatment may comprise the heating of the aqueous solution.
The heating of the aqueous solution may be conducted 1n a
pressure vessel, such as an autoclave. The hydrothermal
treatment of the aqueous solution may comprise heating the
aqueous solution to a temperature suflicient to cause the
reaction of the magnesium precursor and the hydrolyzing
agent, resulting 1n the precipitation of magnesium oxide
from the aqueous solution. The hydrothermal treatment of
the aqueous solution may comprise heating the aqueous
solution to a temperature of from 100° C. to 140° C. For
example, the hydrothermal treatment of the aqueous solution

may comprise heating the aqueous solution to a temperature
of from 100° C. to 135° C., from 100° C. to 130° C., from

100° C. to 125° C., from 100° C. to 120° C., from 100° C.
to 115° C., from 100° C. to 110° C., from 100° C. to 105°
C., from 105° C. to 140° C., from 105° C. to 135° C., from
105° C. to 130° C., from 105° C. to 125° C., from 105° C.
to 120° C., from 105° C. to 115° C., from 105° C. to 110°
C., from 110° C. to 140° C., from 110° C. to 135° C., from
110° C. to 130° C., from 110° C. to 125° C., from 110° C.
to 120° C., from 110° C. to 115° C., from 115° C. to 140°
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C., from 115° C. to 135° C., from 115° C. to 130° C., from
115° C. to 125° C., from 115° C. to 120° C., from 120° C.
to 140° C., from 120° C. to 135° C., from 120° C. to 130°
C., from 120° C. to 125° C., from 125° C. to 140° C., from
125° C. to 135° C., from 125° C. to 130° C., from 130° C.
to 140° C., from 130° C. to 135° C., or from 135° C. to 140°
C.

The hydrothermal treatment of the aqueous solution may
comprise heating the aqueous solution for an amount of time
suilicient to cause the reaction of the magnesium precursor
and the hydrolyzing agent, resulting in the precipitation of
magnesium oxide from the aqueous solution. In embodi-
ments, the hydrothermal treatment of the aqueous solution
may comprise heating the aqueous solution for a duration of
from 48 hours to 96 hours. For example, the hydrothermal
treatment of the aqueous solution may comprise heating the
aqueous solution for a duration of from 48 hours to 84 hours,
from 48 hours to 72 hours, from 48 hours to 60 hours, from
60 hours to 96 hours, from 60 hours to 84 hours, from 60
hours to 72 hours, from 72 hours to 96 hours, from 72 hours
to 84 hours, or from 84 hours to 96 hours.

As described previously 1n the present disclosure, after
hydrothermal treatment the precipitated magnesium oxide
may be separated, washed, dried, and calcined to produce
the 1somerization catalyst. Without being bound by any
particular theory, 1t 1s believed that the calcination of the
magnesium oxide to produce the 1somerization catalyst may
activate the reaction sites for butene 1somerization. Magne-
sium oxide 1s generally basic in nature and the basicity of the
magnesium oxide may be influenced by the calcination
temperature and process. Calcination conditions may 1ntlu-
ence the strength and quantity of basic reaction sites 1n the
1somerization catalyst. Selection of the approprate calcina-
tion temperature may enhance the number and strength of
the basic sites 1n the magnesium oxide, thus, enhancing the
1somerization performance ol the i1somerization catalyst.
The “calcination temperature” 1s a target average tempera-
ture to which the magnesium oxide i1s heated and at which
the magnesium oxide 1s calcined over a period of time
during the calcination process. The “ramping rate,” as used
in the present disclosure, 1s a rate at which the temperature
of the magnesium oxide 1s increased from a starting tem-
perature to the calcination temperature. The magnesium
oxide may be placed 1n the calcination oven and the tem-
perature of the calcination oven may be increased at the
ramping rate to the calcination temperature. Then, the mag-
nesium oxide may be maintained at the calcination tempera-
ture for a predetermined period of time. At the end of the
predetermined period of time, the calcined magnesium oxide
may be allowed to slowly cool down to ambient tempera-
ture. Optionally, the 1somerization catalyst may be calcined
a second time. The calcination temperature, ramping rate,
and duration of the second calcination process may each be
the same or different from the calcination temperature,
ramping rate, and duration of the first calcination process.

The magnesium oxide may be calcined 1n a calcination
oven at a calcination temperature of from 450° C. to 650° C.
For example, the magnesium oxide may be calcined 1n a
calcination oven at a calcination temperature of from 450°
C. to 600° C., from 450° C. to 550° C., from 450° C. to 500°
C., from 3500° C. to 650° C., from 500° C. to 600° C., from
500° C. to 550° C., from 550° C. to 650° C., from 550° C.
to 600° C., or from 600° C. to 650° C. The ramping rate of
the calcination process may be from 1 degree Celsius per
minute (° C./min) to 4° C./min. For example, the ramping
rate of the calcination process may be from 1° C./min to 3°
C./min, from 1° C./min to 2.5° C./min, from 1° C./min to 2°
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C./min, from 1.5° C./min to 2° C./min, from 1.5° C./min to
4° C./min, from 1.5° C./min to 3° C./min, from 1.5° C./min
to 2.5° C./min, from 1.5° C./min to 2° C./min, from 2°
C./min to 4° C./min, from 2° C./min to 3° C./min, from 2°
C./min to 2.5° C./min, from 2.5° C./min to 4° C./min, from
2.5° C./min to 3° C./min, or from 3° C./min to 4° C./min.
The magnesium oxide may be calcined 1n the calcination
oven for a duration of from 1 hour to 10 hours. For example,
the magnesium oxide may be calcined in the calcination
oven for a duration of from 1 hour to 8 hours, from 1 hour
to 6 hours, from 1 hour to 4 hours, from 1 hour to 2 hours,
from 2 hours to 10 hours, from 2 hours to 8 hours, from 2
hours to 6 hours, from 2 hours to 4 hours, from 4 hours to
10 hours, from 4 hours to 8 hours, from 4 hours to 6 hours,
from 6 hours to 10 hours, from 6 hours to 8 hours, or from
8 hours.

The 1somerization catalyst resulting from the process of
the present disclosure may have a surface area of from 125
square meters per gram (m?*/g) to 225 m*/g, as determined
by the Brunauer Emmett-Teller (BET) method. For example,
the 1somerization catalyst may have a surface area of from
125 m*/g to 200 m*/g, from 125 m*/g to 175 m*/g, from 125
m*/g to 150 m?/g, from 150 m?*/g to 225 m*/g, from 150
m~/g to 200 m*/g, from 150 m*/g to 175 m*/g, from 175
m>/g to 225 m*/g, from 175 m*/g to 200 m*/g, or from 200
m~/g to 225 m*/g, as determined by the BET method.

The 1somerization catalyst resulting from the process of
the present disclosure may have a cumulative pore volume
of from 0.20 cubic centimeters per gram (cm’/g) to 0.35
cm’/g, as determined by the Barrett, Joyner, and Halenda
(BJH) method. For example, the isomerization catalyst may
have a cumulative pore volume of from 0.20 cm”/g to 0.32
cm’/g, from 0.20 cm’/g to 0.29 cm’/g, from 0.20 cm’/g to
0.26 cm”/g, from 0.20 cm®/g to 0.23 cm’/g, from 0.23 cm’/g
to 0.35 cm’/g, from 0.23 cm’/g to 0.32 cm’/g, from 0.23
cm’/g to 0.29 cm®/g, from 0.23 cm’/g to 0.26 cm’/g, from
0.26 cm’/g to 0.35 cm™/g, from 0.26 cm’/g to 0.32 cm’/g,
from 0.26 cm’/g to 0.29 cm’/g, from 0.29 cm’/g to 0.35
cm>/g, from 0.29 cm’/g to 0.32 cm’/g, or from 0.32 cm’/g
to 0.35 cm’/g, as determined by the BJH method.

The 1somerization catalyst resulting from the process of
the present disclosure may have an average pore width of
from 5 nanometers (nm) to 10 nm, as determined by the BJH
method. For example, the 1somerization catalyst may have
an average pore width of from 5 nm to 9 nm, from 5 nm to
8 nm, from 5 nm to 7 nm from 5 nm to 6 nm, from 6 nm to
10 nm, from 6 nm to 9 nm, from 6 nm to 8 nm, from 6 nm
to 7 nm, from 7 nm to 10 nm, from 7 nm to 9 nm, from 7
nm to 8 nm, from 8 nm to 10 nm, from 8 nm to 9 nm, or from
9 nm to 10 nm, as determined by the BJH method.

The 1somerization catalyst resulting from the process of
the present disclosure may have an average particle size of
from 20 nm to 50 nm, as calculated by the Scherrer equation.
For example, the 1somerization catalyst may have an average
particle size of from 20 nm to 45 nm, from 20 nm to 40 nm,
from 20 nm to 35 nm, from 20 nm to 30 nm, from 20 nm to
25 nm, from 25 nm to 50 nm, from 25 nm to 45 nm, from
25 nm to 40 nm, from 25 nm to 35 nm, from 25 nm to 30
nm, from 30 nm to 50 nm, from 30 nm to 45 nm, from 30
nm to 40 nm, from 30 nm to 35 nm, from 35 nm to 50 nm,
from 35 nm to 45 nm, from 35 nm to 40 nm, from 40 nm to
50 nm, from 40 nm to 45 nm, or from 45 nm to 50 nm, as
calculated by the Scherrer equation.

The 1somerization catalyst having these properties (that 1s,
the previously described surface area, cumulative pore vol-
ume, average pore width, and average particle size) may
have increased catalytic activity and thermal stability com-
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pared to commercially-available magnesium oxide catalysts.
As a result, the system 100 may have an increased butene
conversion rate and an increased propene yield.

As described previously i1n the present disclosure, the
feedstock 140 may be contacted with the 1somerization
catalyst 112 in the 1somerization reaction zone 110 to
produce an i1somerization eflluent that comprises 1-butene
and 2-butene. The 1somerization eflluent may then be passed
to the metathesis reaction zone 120, where the 1somerization
cllluent may be contacted with the metathesis catalyst 122 to
produce the metathesis etfluent 150. Referring again to FIG.
1, the metathesis reaction zone 120 may include a metathesis
catalyst 122. The metathesis catalyst 122 may promote the
conversion of 1-butene and 2-butene in the 1somerization
cilluent to propene and other alkenes through cross-metath-
esis. The metathesis catalyst 122 may comprise a metal
oxide deposited on a support material. The metal oxide may
comprise any metal oxide suflicient to promote the cross-
metathesis of butenes at the operational conditions of the
system 100, such as tungsten oxide. The support material
may be a mesoporous silica support material, such as a
molecular sieve or zeolite. As used 1n the present disclosure,
the term “mesoporous” may refer to a material having an
average pore size ol greater than 2 nm and less than 50 nm.
For example, the metathesis catalyst 122 may comprise a
mesoporous silica support impregnated with tungsten oxide.
The metathesis reaction zone 120 may produce a metathesis
reaction eflluent that may include propene and other alkanes
and alkenes, such as C.+ olefins, for example. The metath-
esis reaction effluent may also include unreacted butenes,
such as 1-butene, cis-2-butene, trans-2-butene, or combina-
tions of these.

Referring now to FIG. 2, in embodiments, a fluid/solid
separator 160 may be disposed downstream of the metath-
es1s reaction zone 120, upstream of the 1somerization reac-
tion zone 110, between the 1somerization reaction zone 110
and the metathesis reaction zone 120, or combinations of
these. As used 1n the present disclosure, the term “fluid/solid
separator” may refer to a fluid permeable barrier between
catalyst beds that substantially prevents solid catalyst par-
ticles 1n one catalyst bed from migrating to an adjacent
catalyst bed, while allowing for reactants and products to
move through the separator. The fluid/solid separator 160
may be chemically 1nert and generally makes no contribu-
tion to the reaction chemistry. Inserting the fluid/solid sepa-
rator 160 between the 1somerization reaction zone 110 and
the metathesis reaction zone 120 may maintain the isomer-
ization catalyst 112 and the metathesis catalyst 122 in the
1Isomerization reaction zone 110 and the metathesis reactions
zone 120, respectively, and prevent migration of different
catalysts between reaction zones, which may lead to
increased production of undesired by-products and
decreased yield.

The 1somerization reaction zone 110 and the metathesis
reaction zone 120 may have a relatively small amount of the
different type of catalyst from one reaction zone, or may be
completely free of catalyst from the other reaction zone. For
example, the 1somerization reaction zone 110 may comprise
less than 10 wt. % of the metathesis catalyst 122 from the
metathesis reaction zone 120. Similarly, the metathesis
reaction zone 120 may comprise less than 10 wt. % of the
1somerization catalyst 112 from the 1somerization reaction
zone 110. In embodiments, the 1somerization reaction zone
110 and the metathesis reaction zone 120 may be substan-
tially free of the different type of catalyst from the other
reaction zone. For example, the 1somerization reaction zone
110 may comprise less than 1 wt. % of the metathesis
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catalyst 122 from the metathesis reaction zone 120. Simi-
larly, the metathesis reaction zone 120 may comprise less
than 1 wt. % of the 1somerization catalyst 112 from the
1somerization reaction zone 110. Referring again to FIG. 1,
in embodiments, the 1somerization reaction zone 110 and the
metathesis reaction zone 120 may be positioned directly
against the other without an 1ntervening separator.
Referring again to FIG. 1, various operating conditions
are contemplated for contacting the feedstock 140 with the
system 100. In embodiments, the feedstock 140 may contact

the system 100 at a space hour velocity of from 10 per hour
(h™") to 10,000 h~'. For example, the feedstock 140 may

contact the system 100 at a space hour velocity of from 10
h™'to 5000 h™*, from 10 h~ ' t0 2500 h~*, from 10 h~* to 1200

h™, from 100 h™* to 10,000 h™*, from 100 h™* to 5000 h™,
from 100 h™ to 2500 h™*, from 100 h™! to 1200 h™, from
300 h™* to 10,000 h™*, from 300 h™* to 5000 h™*, from 300
h™* to 2500 h™!, from 300 h™! to 1200 h™!, from 500 h™* to
10,000 h™*, from 500 h™' to 5000 h™*, from 500 h™' to 2500
h™*, or from 500 h~! to 1200 h~'. Furthermore, the feedstock
140 may contact the system 100 at a pressure of from 1 bar
to 30 bars. For example, the feedstock 140 may contact the
system 100 at a pressure of from 1 bar to 20 bars, from 1 bar
to 10 bars, from 2 bars to 30 bars, from 2 bars to 20 bars, or
from 2 bars to 10 bars. The feedstock 140 may also contact
the system 100 at atmospheric pressure.

Optionally, prior to the introduction of the feedstock 140
to the system 100, the 1somerization catalyst 112 and the
metathesis catalyst 122 may be pretreated. For example, the
catalysts 1n the system 100 may be pretreated by passing a
heated gas stream through the system 100 for a pretreatment
pertod. The gas stream may include one or more of an
oxygen-containing gas, nitrogen gas (N, ), carbon monoxide
(CO), hydrogen gas (H,), a hydrocarbon gas, air, other inert
gas, or combinations of these gases. The temperature of the

heated gas stream may be from 250° C. to 700° C., from
250° C. to 650° C., from 250° C. to 600° C., from 250° C.

to 500° C., from 300° C. to 700° C., from 300° C. to 650°
C., from 300° C. to 600° C., from 300° C. to 500° C., from
400° C. to 700° C., from 400° C. to 650° C., from 400° C.
to 600° C., or from 400° C. to 500° C. The pretreatment
period may be from 1 minute to 30 hours, from 1 minute to
20 hours, from 1 minute to 10 hours, from 1 minute to 5
hours, from 0.5 hours to 30 hours, from 0.5 hours to 20
hours, from 0.5 hours to 10 hours, from 0.5 hours to 5 hours,
from 1 hours to 30 hours, from 1 hour to 20 hours, from 1
hour to 10 hours, from 1 hour to 5 hours, from 5 hours to 30
hours, from 5 hours to 20 hours, or from 5 hours to 10 hours.
For example, the system 100 may be pretreated with nitro-
gen gas at a temperature of 550° C. for a pretreatment period
of from 1 hour to 5 hours before introducing the feedstock

140.

EXAMPLES

The various embodiments of 1somerization catalysts,
methods of making the isomerization catalysts, and methods
of using the i1somerization catalyst in the production of
propene will be further clarified by the following examples.
The examples are illustrative 1n nature, and should not be
understood to limit the subject matter of the present disclo-
sure.

Example 1—Hydrothermal Synthesis of
Isomerization Catalyst

An 1somerization catalyst was prepared using hydrother-
mal synthesis. In particular, 18.02 grams (g) of urea and
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1539 g of magnestum nitrate hexahydrate (Mg
(NO,),.6H,O) were dissolved 1in 100 mulliliters (mL) of
deiomized water (DI water) and stirred vigorously at room
temperature for 1 hour to form a catalyst precursor solution.
The catalyst precursor solution was then transferred to an
autoclave and placed 1 an oven at 120° C. for 72 hours at
a ramp rate ol 1 degree Celsius per minute (° C./min). The
resulting magnesium oxide precipitants were then filtered
from the solution via vacuum filtration, dried overnight at
room temperature, and them dried in a vacuum oven at 80°
C. for 24 hours to form an isomerization catalyst. The
1somerization catalyst was then calcined 1n a calcination
oven under air at a ramping rate of 1° C./min until the
1somerization catalyst attained a temperature of 550° C. The
1Isomerization catalyst was then maintained in the calcination
oven at a temperature of 550° C. for 5 hours. Following
calcination, the 1somerization catalyst was maintained in the
calcination oven and allowed to slowly cool to room tem-
perature. The 1somerization catalyst prepared according to
the above-described method 1s referred to subsequently as
the catalyst of Example 1.

Example 2—Surfactant- Assisted Hydrothermal
Synthesis of Isomerization Catalyst

An 1somerization catalyst was prepared using surfactant-
assisted hydrothermal synthesis. In particular, 18.02 g of
urea and 15.39 g of magnesium mitrate hexahydrate were
dissolved 1n 100 mL of deionized water and rapidly stirred
at room temperature for 1 hour to form a first solution.
Polyethylene glycol (PEG) was then added to the first
solution such that the molar ratio of magnesium to polyeth-
ylene glycol was 1:0.03, and the first solution was stirred at
room temperature for 2 hours to form a catalyst precursor
solution. The catalyst precursor solution was then processed
according to the same procedure previously described in
Example 1 to form an 1somerization catalyst. The 1somer-
1zation catalyst prepared according to the above-described
method 1s referred to subsequently as the catalyst of
Example 2.

Example 3—Surfactant-Assisted Hydrothermal
Fabrication of Isomerization Catalyst with pH
Adjustment

An 1somerization catalyst was prepared using surfactant-
assisted hydrothermal synthesis. In particular, 18.02 g of
urea and 15.39 g of magnesium mitrate hexahydrate were
dissolved 1n 100 mL of deionized water and rapidly stirred
at room temperature for 1 hour to form a first solution.
Polyethylene glycol was then added to the first solution such
that the ratio of magnesium nitrate hexahydrate to polyeth-
ylene glycol was 1:0.03, and the first solution was stirred at
room temperature for 2 hours to form a catalyst precursor
solution. The pH of the catalyst precursor solution was then
adjusted to a pH of 5 by the dropwise addition of acetic acid.
The catalyst precursor solution was then processed accord-
ing to the same procedure previously described 1n Example
1 to form an 1somerization catalyst. The 1somerization
catalyst prepared according to the above-described method
1s referred to subsequently as the catalyst of Example 3.

Example 4—Surfactant-Assisted Hydrothermal
Fabrication of Isomerization Catalyst with pH
Adjustment

An 1somerization catalyst was prepared using surfactant-
assisted hydrothermal synthesis. In particular, 18.02 g of
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urca and 15.39 g of magnesium nitrate hexahydrate were
dissolved in 100 mL of deionized water and rapidly stirred
at room temperature for 1 hour to form a first solution.
Polyethylene glycol was then added to the first solution such
that the ratio of magnesium nitrate hexahydrate to polyeth-
ylene glycol was 1:0.03, and the first solution was stirred at
room temperature for 2 hours to form a catalyst precursor
solution. The pH of the catalyst precursor solution was then
adjusted to a pH of 9 by the dropwise addition of concen-
trated ammomium. The catalyst precursor solution was then
processed according to the same procedure previously
described 1mn Example 1 to form an 1somerization catalyst.
The 1somerization catalyst prepared according to the above-
described method 1s referred to subsequently as the catalyst
of Example 4.

Example 5—Surfactant-Assisted Hydrothermal
Fabrication of Isomerization Catalyst with pH
Adjustment

An 1somerization catalyst was prepared using surfactant-
assisted hydrothermal synthesis. In particular, 18.02 g of
urea and 15.39 g of magnesium nitrate hexahydrate were
dissolved 1n 100 mL of deionized water and rapidly stirred
at room temperature for 1 hour to form a first solution.
Polyethylene glycol was then added to the first solution such
that the ratio of magnesium nitrate hexahydrate to polyeth-
ylene glycol was 1:0.03, and the first solution was stirred at
room temperature for 2 hours to form a catalyst precursor
solution. The pH of the catalyst precursor solution was then
adjusted to a pH of 11 by the dropwise addition of concen-
trated ammonium. The catalyst precursor solution was then
then processed according to the same procedure previously
described 1n Example 1 to form an 1somerization catalyst.
The 1somerization catalyst prepared according to the above-
described method 1s referred to subsequently as the catalyst
of Example 5.

Comparative Example 6—Commercially-Available
Magnesium Oxide Catalyst

An 1somerization catalyst was prepared from a magne-
sium oxide base material, commercially available from
Sigma Aldrich. The commercially-available magnesium
oxide was dried overnight 1n a vacuum oven at 90° C. to
form an 1somerization catalyst. The 1somerization catalyst
was then calcined 1 a calcination oven under air at a
ramping rate ol 1° C./min until the i1somerization catalyst
attained a temperature of 550° C. The 1somerization catalyst
was then maintained 1n the calcination oven at a temperature
of 550° C. for 5 hours. Following calcination, the 1somer-
1zation catalyst was maintained in the calcination oven and
allowed to slowly cool to room temperature. The 1somer-
ization catalyst prepared according to the above-described
method 1s referred to subsequently as the catalyst of Com-
parative Example 6.

Example 7—Incipient Wetness Impregnation
Synthesis of Metathesis Catalyst

A metathesis catalyst was prepared using incipient wet-
ness impregnation synthesis. In particular, 0.157 g of ammo-
nium metatungatate hydrate [(NH,) H,W,,O,,xH,O] was
dissolved 1n 5 g of deionized water to form a {first solution.
It 1s noted that, in order to eflectuate incipient wetness
impregnation, the volume of the first solution corresponds to
the total pore volume of the desired support material. The
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first solution was then added dropwise to 5 g of silica
extrudates to form a metathesis catalyst. The metathesis
catalyst was then dried overnight in a vacuum oven at 80° C.
The metathesis catalyst was then calcined 1n a calcination
oven under air at a ramping rate of 1° C./min until the
magnesium oxide catalyst attained a temperature of 250° C.
The metathesis catalyst was then maintained in the calcina-
tion oven at a temperature of 250° C. for 3 hours. The
ramping rate of 1° C./min was then resumed until the
metathesis catalyst attained a temperature of 550° C. The
metathesis catalyst was then maintained 1n the calcination
oven at a temperature of 550° C. for 8 hours. Following
calcination, the metathesis catalyst was maintained in the
calcination oven and allowed to slowly cool to room tem-
perature. The resulting metathesis catalyst was determined
to comprise 10 wt. % tungsten oxide and 90 wt. % silica by
X-ray fluorescence (XRF) analysis. The metathesis catalyst
prepared according to the above-described method 1s
referred to subsequently as the catalyst of Example 7.

Example 8—FEvaluation of Isomerization Catalyst
Structures

The crystallographic structures of the catalysts of
Examples 1-5 were obtained from the measured XRD pro-
files of the catalysts. The XRD profiles of the catalyst of
Example 1 (360), the catalyst of Example 2 (350), the
catalyst of Example 3 (340), the catalyst of Example 4 (330),
the catalyst of Example 5 (320), and the catalyst of Com-
parative Example 6 (310) are depicted in FIG. 3. The
diffraction peaks corresponding to the cubic structure of
magnesium oxide 1n a single phase may be observed 1n FIG.
3 at 2 Theta (20)=36 degrees)(°, 42°, 62°, 74°, and 78° for
all examples. A comparison of the XRD profile of the
commercially-available magnesium oxide catalyst with the
XRD profiles of the catalysts of Examples 1-5 also indicates
that the average particle size of the catalysts of Examples
1-5, as estimated by the Scherrer equation, are much smaller
than the average particle size of the catalyst of Comparative
Example 6. Additionally, a comparison of the XRD profiles
of the catalysts of Examples 2-5 also indicates that the pH
of the catalyst precursor solution has a negligible effect, 1f
any, on the average particle size of the catalysts.

Example 9—FEvaluation of Metathesis Catalyst
Structure

The crystallographic structures of the catalyst of Example
6 were obtained from the measured XRD profiles of the
catalyst before and after impregnation of the support mate-
rial with tungsten oxide. The XRD profiles of the catalyst
before impregnation (420) and after impregnation (410) are
depicted 1n FIG. 4. The broad diflraction peaks correspond-
ing to the silica support material may be observed in both
XRD profiles. The diffraction peaks corresponding to the
cubic structure of tungsten oxide may be observed in FIG.
4 at 20=23° and 33° only in the XRD profile of the catalyst
alter impregnation. This observation indicates the successiul
incorporation of tungsten oxide into the silica support mate-
rial of the catalyst of Example 6.

Example 10—Evaluation of Catalyst Properties

The mechanical properties of the catalysts of Examples
1-5, and /7, as well as the catalyst of Comparative Example
6, were determined and provided 1in Table 1. In particular, the
surface arcas of the catalysts were determined by the
Brunauver Emmett-Teller (BET) method, the cumulative vol-

ume of pores and the average pore width were determined by
the Barrett, Joyner, and Halenda (BJH) method, and the
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average particle sizes were calculated by the Scherrer equa-
tion. The properties of the catalysts of Examples 1-5 and the
catalyst of Comparative Example 6 are provided in Table 1.

TABLE 1
Catalyst Properties
Surface Cumulative Average Average
Area Volume of Pore Particle
Catalyst (m?/g) Pores (cm’/g)  Width (A) Size (A)
Comparative 60.49 0.30 184.41 991.91
Example 6
Example 1 124.47 0.22 70.35 482.06
Example 2 144.64 0.23 61.14  414.81
Example 3 132.00 0.25 7522 45451
Example 4 219.81 0.31 56.13 272.97
Example 5 159.16 0.23 57.06 376.99
Example 7 (Before 515.66 1.96 153.27 116.36
Impregnation)
Example 7 (After 386.72 1.61 169.34 155.15
Impregnation)
Example 11—Evaluation of Catalyst Performances
The catalysts of Examples 1-5, and 7, as well as the
catalyst of Comparative Example 6, were tested for activity

and selectivity for converting 1-butene to propene 1n a
fixed-bed continuous flow reactor, such as the reactor
depicted 1n FIG. 2, at atmospheric pressure. The activity and
selectivity of each catalyst were tested 1n a dual catalyst
system that included the catalyst of Example 6. A fixed
amount of 0.1 g of each catalyst was pressed and sieved to
a desired particle size in the range of 250-300 microns (um),
and was packed 1nto a reactor tube directly above 0.1 g of
the catalyst of Example 6. Layers of silicon carbide were
positioned both upstream and downstream of the catalysts in
order to ensure that the catalysts remained within the desired
isothermal range.

Each reactor was first heated to 160° C. under nitrogen at
a flow rate of 120 mulliliters per minute (mL/min) and argon
at a flow rate of 6 mL/min for 24 hours 1n order to ensure
slow moisture desorption from the catalysts and 1dentily any
potential gas leaks from the reactors. The catalysts were then
activated under nitrogen at 550° C. and a flow rate of 120
ml./min for 24 hours. The catalysts were then cooled to 300°
C. under nitrogen before a feedstock of 1-butene was passed
through the reactors at a flow rate of 0.0079 grams per
minute (g/min) and a weight hourly space velocity (WHSV)
of 4.725 per hour (h™") for 18 hours. Quantitative analysis of
the products for each reactor was performed using a gas
chromatograph (commercially available as Agilent
GC-7890B) with a thermal conductivity detector (TCD) and
two tlame 1onization detectors (FID).

The propene yield as a function of time on stream (TOS)
for reactors comprising the catalyst of Example 1 (530), the
catalyst of Example 2 (540), the catalyst of Example 3 (550),
the catalyst of Example 4 (560), the catalyst of Example 5
(570), the catalyst of Comparative Example 6 (520), and the
catalyst of Example 7 alone (510) are depicted 1n FIG. 5. As
shown by FIG. 5, the reactor comprising only the catalyst of
Example 7 did not produce propene. This indicates msuili-
cient 1somerization activity at a temperature of 300° C. and,
as a result, the formation of insuflicient amounts ot 2-butene
from the feedstock of 1-butene necessary for metathesis.
Additionally, as shown by FIG. 5, the production of propene
rapidly decreased in the reactor comprising the commer-
cially-available magnesium oxide catalyst. This indicates
that the catalyst of Comparative Example 6 1s not stable at
temperatures of 300° C. and quickly deactivates. The total

conversions and vields obtained by each reactor 1s summa-
rized i1n Table 2.
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TABLE 2
Catalyst Performances at 300° C.
1-Butene Yield (wt. %)
Conversion  Propene 2-Butene  2-Butene

Catalyst % Selectivity Ethylene Propene 1-Butene (Irans) (C1s) Cs Cgq Cy
Example 1 + R/ 15.5 0.3 13.4 13.5 32.1 21.0 174 2.1 0.1
Example 7

Example 2 + 90 16.6 0.4 15.0 10.0 31.7 21.3 18.6 2.7 0.3
Example 7

Example 3 + 89 20.3 0.7 18.1 10.9 27.0 17.7 20,0 4.6 0.9
Example 7

Example 4 + 89 22.1 0.9 19.8 10.8 24.8 16.4 20,1 5.7 1.3
Example 7

Example 5 + 8 19.9 0.6 17.6 11.9 27.3 17.8 19.6 4.2 0.7
Example 7

Comparative 63 0.2 0.0 0.1 37.0 31.7 30.9 0.2 0.0 0.0
Example 6 +

Example 7

Example 7 56 0.1 0.0 0.0 43.%8 26.5 29.5 0.1 0.1 0.0

The catalysts of

Example 12—

Hvaluation of Catalyst Thermal
Stability

Hxamples 1-35, as well as the catalyst of 25

Comparative Example 6, were tested for activity and selec-
tivity for converting 1-butene to propene i1n a fixed-bed
continuous flow reactor, such as the reactor depicted 1n FIG.
2, at atmospheric pressure. The activity and selectivity of

cach catalyst were tested according to the same procedure 30

previously described in Example 11, however the catalysts
were only cooled to an operational temperature of 400° C.
and a feedstock of 1-butene was passed through the reactors

for 45 hours.

The propene vield as a function of time on stream (TOS)
for reactors comprising the catalyst of Example 1 (630), the
catalyst of Example 2 (640), the catalyst of Example 3 (650),
the catalyst of Example 4 (660), the catalyst of Example 3
(670), the catalyst of Comparative Example 7 (620), and the
catalyst of Example 7 alone (610) are depicted 1n FIG. 6. As
depicted by FIG. 6, the reactor comprising only the catalyst
of Example 6 was capable of producing propene. This
indicates that the isomerization activity of the catalyst of
Example 6 1s suflicient to produce the 2-butene necessary for
metathesis from a feedstock of 1-butene at a temperature of
400° C. The total conversions and yields obtained by each
reactor 1s summarized 1n Table 3.

TABLE 3

Catalysts Performances at 400° C.

Catalyst

Example 1 +
Example 7
Example 2 +
Example 7

Example 3 +

Example 7
Example 4 +
Example 7
Example 5 +
Example 7
Comparative
Example 6 +

Example 7

Example 7

1-Butene

Conversion

%

84

8

82

84

82

78

76

Propene

Selectivity  Ethylene

17.0

17.9

13.7

17.0

14.6

17.0

11.6

Yield (wt. %)

2-Butene  2-Butene

Propene 1-Butene (Irans) (Cis) Cs; Cg; C
0.6 14.3 15.8 28.1 20.2 17.1 3.1 0.5
0.6 15.7 12.1 28.0 20.6 18.6 3.5 0.6
0.5 11.2 18.2 30.5 22.5 14.1 2.5 0.3
0.6 14.2 16.2 28.0 20.1 17.0 3.2 0.5
0.5 12.0 17.7 30.0 21.7 15.0 2.6 0.3
1.4 13.3 21.6 23.8 18.0 16.1 5.1 0.6
1.6 8.8 23.8 27.9 21.4 10.8 5.0 0.5
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Example 13—Evaluation of Amount of Catalyst

The catalysts of Example 1 and Example 4 were tested for
activity and selectivity for converting 1-butene to propene 1n
a fixed-bed continuous flow reactor, such as the reactor
depicted in FIG. 2, at atmospheric pressure. The activity and
selectivity of each catalyst were tested according to the same
procedure previously described in Example 10; however, an
additional reactor contaiming double (.e., 0.2 g) of the
catalyst of Example 1 was also tested. The propene vield as
a Tunction of time on stream (TOS) for reactors comprising
the catalyst of Example 1 (710), the catalyst of Example 4

(720), and double the amount of the catalyst of Example 1
(730) are depicted in FIG. 7. As depicted by FIG. 7,

iIsomerization catalysts prepared by surfactant-assisted
hydrothermal synthesis and, 1n particular, surfactant-assisted
hydrothermal synthesis with an adjusted pH yield similar or
superior amounts of propene as unmodified 1somerization
catalysts while requiring only half the amount.

It will be apparent to those skilled in the art that various
modifications and variations can be made without departing,
from the spirit or scope of the disclosure. Since modifica-
tions, combinations, sub-combinations and variations of the
disclosed embodiments incorporating the spirit and sub-
stance of the disclosure may occur to persons skilled in the
art, the scope of the disclosure should be construed to
include everything within the scope of the appended claims
or their equivalents.

In a first aspect of the present disclosure, a method of
producing an 1somerization catalyst may comprise preparing,
a catalyst precursor solution comprising at least a magne-
sium precursor, a hydrolyzing agent, and polyethylene gly-
col; hydrothermally treating the catalyst precursor solution
to produce a magnesium oxide precipitant; and calcining the
magnesium oxide precipitant to produce the i1somerization
catalyst.

A second aspect of the present disclosure may comprise
the first aspect where the molar ratio of the magnesium
precursor to the hydrolyzing agent 1n the catalyst precursor
solution 1s from 1:10 to 1:1.

A third aspect of the present disclosure may comprise
either of the first or second aspects where the molar ratio of
the magnesium precursor to polyethylene glycol in the
catalyst precursor solution 1s from 1:0.01 to 1:0.1.

A Tourth aspect of the present disclosure may comprise
any of the first through third aspects further comprising
adjusting the pH of the catalyst precursor solution.

A fifth aspect of the present disclosure may comprise the
tourth aspect where the pH of the catalyst precursor solution
1s adjusted to a pH of from 3 to 7.

A sixth aspect of the present disclosure may comprise the
tourth aspect where the pH of the catalyst precursor solution
1s adjusted to a pH of from 8 to 12.

A seventh aspect of the present disclosure may comprise
any of the first through sixth aspects where hydrothermally
treating the catalyst precursor solution comprises heating the
catalyst precursor solution to a temperature of from 100° C.
to 140° C. for a duration of from 48 hours to 96 hours.

An eighth aspect of the present disclosure may comprise
any of the first through seventh aspects where calcining the
catalyst precipitant comprises heating the catalyst precipi-
tant to a temperature of from 450° C. to 650° C. for a
duration of from 1 hour to 10 hours.

A ninth aspect of the present disclosure may comprise as
1somerization catalyst made by the method of any of the first
through eighth aspects.
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A tenth aspect of the present disclosure may comprise the
ninth aspect where the surface area of the i1somerization
catalyst is from 125 m*/g to 225 m°/g.

An eleventh aspect of the present disclosure may com-
prise either of the ninth or tenth aspects where the average
particle size of the 1somerization catalyst 1s from 20 nm to
50 nm.

In a twellth aspect of the present disclosure, a method of
producing propene from a butene-containing feedstock may
comprise contacting the butene-containing feedstock with
an 1somerization catalyst to produce an 1somerization reac-
tion eflluent, the 1somerization catalyst prepared by a
method comprising: preparing a catalyst precursor solution
comprising at least a magnesium precursor, a hydrolyzing
agent, and polyethylene glycol; hydrothermally treating the
catalyst precursor solution to produce a magnesium oxide
precipitant; and calcining the magnesium oxide precipitant
to produce the 1somerization catalyst; and contacting the
1somerization reaction effluent with a metathesis catalyst to
produce propene, where the metathesis catalyst 1s disposed
in a metathesis reaction zone downstream of the 1someriza-
tion catalyst.

A thirteenth aspect of the present disclosure may comprise
the twelith aspect where the 1somerization catalyst 1s dis-
posed 1n an 1somerization reaction zone.

A Tourteenth aspect of the present disclosure may com-
prise either of the twellth or thirteenth aspects where con-
tacting the butene-containing feedstock with the 1someriza-
tion catalyst causes the 1somerization of at least a portion of
the butene-contaiming feedstock.

A fifteenth aspect of the present disclosure may comprise
any of the twelfth through fourteenth aspects where the
molar ratio of the magnesium precursor to the hydrolyzing
agent 1n the catalyst precursor solution 1s from 1:10 to 1:1.

A sixteenth aspect of the present disclosure may comprise
any of the twelith through fifteenth aspects where the molar
ratio of the magnesium precursor to polyethylene glycol in
the catalyst precursor solution 1s from 1:0.01 to 1:0.1.

A seventeenth aspect of the present disclosure may com-
prise any of the twelith through sixteenth aspects further
comprising adjusting the pH of the catalyst precursor solu-
tion.

An eighteenth aspect of the present disclosure may com-
prise the seventeenth aspect where the pH of the catalyst
precursor solution i1s adjusted to a pH of from 3 to 7.

A nineteenth aspect of the present disclosure may com-
prise the seventeenth aspect where the pH of the catalyst
precursor solution is adjusted to a pH of from 8 to 12.

A twentieth aspect of the present disclosure may comprise
any of the twelfth through nineteenth aspects where hydro-
thermally treating the catalyst precursor solution comprises
heating the catalyst precursor solution to a temperature of
from 100° C. to 140° C. for a duration of from 48 hours to
96 hours.

A twenty-1irst aspect of the present disclosure may com-
prise any of the twelith through twentieth aspects where
calcining the catalyst precipitant comprises heating the
catalyst precipitant to a temperature of from 450° C. to 650°
C. for a duration of from 1 hour to 10 hours.

A twenty-second aspect of the present disclosure may
comprise any of the twelfth through twenty-first aspects
where the surface area of the 1somerization catalyst 1s from
125 m®/g to 225 m*/g.

A twenty-third aspect of the present disclosure may
comprise any of the twelfth through twenty-second aspects
where the average particle size of the 1somerization catalyst
1s from 20 nm to 50 nm.
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It should now be understood that various aspects of the
present disclosure are described and such aspects may be
utilized 1n conjunction with various other aspects.

It 1s noted that one or more of the following claims utilize
the term “where” as a transitional phrase. For the purposes
of defiming the present disclosure, 1t 1s noted that this term
1s 1troduced 1n the claims as an open-ended transitional

phrase that 1s used to introduce a recitation of a series of

characteristics of the structure and should be interpreted 1n
like manner as the more commonly used open-ended pre-
amble term “comprising.”

It should be understood that any two quantitative values
assigned to a property may constitute a range of that
property, and all combinations of ranges formed from all
stated quantitative values of a given property are contem-
plated 1 this disclosure. It should be appreciated that
compositional ranges ol a chemical constituent in a stream
or 1n a reactor should be appreciated as containing, in some
embodiments, a mixture of 1somers of that constituent. For
example, a compositional range specilying butene may
include a mixture of various 1somers of butene. It should be
appreciated that the examples supply compositional ranges
for various streams, and that the total amount of 1somers of
a particular chemical composition can constitute a range.

Having described the subject matter of the present dis-
closure 1n detail and by reference to specific embodiments,
it 1s noted that the various details described 1n this disclosure
should not be taken to imply that these details relate to
clements that are essential components of the various
embodiments described i1n this disclosure, even 1n cases
where a particular element 1s illustrated 1n each of the
drawings that accompany the present description. Rather,
the appended claims should be taken as the sole represen-

10

15

20

25

30

24

tation of the breadth of the present disclosure and the
corresponding scope of the various embodiments described
in this disclosure. Further, 1t will be apparent that modifi-
cations and variations are possible without departing from
the scope of the appended claims.
What 1s claimed 1s:
1. A method of producing an 1somerization catalyst, the
method comprising:
preparing a catalyst precursor solution comprising at least
a magnesium precursor, a hydrolyzing agent, and poly-
cthylene glycol, where the molar ratio of the magne-
stum precursor to polyethylene glycol in the catalyst
precursor solution 1s from 1:0.01 to 1:0.1;

hydrothermally treating the catalyst precursor solution to
produce a magnesium oxide precipitant; and

calcining the magnesium oxide precipitant to produce the
1Isomerization catalyst.

2. The method of claim 1, where the molar ratio of the
magnesium precursor to the hydrolyzing agent in the cata-
lyst precursor solution 1s from 1:10 to 1:1.

3. The method of claim 1, further comprising adjusting the
pH of the catalyst precursor solution.

4. The method of claim 3, where the pH of the catalyst
precursor solution i1s adjusted to a pH of from 3 to 7.

5. The method of claim 3, where the pH of the catalyst
precursor solution 1s adjusted to a pH of from 8 to 12.

6. The method of claim 1, where hydrothermally treating
the catalyst precursor solution comprises heating the catalyst
precursor solution to a temperature of from 100° C. to 140°
C. for a duration of from 48 hours to 96 hours.

7. The method of claim 1, where the surface area of the
isomerization catalyst is from 125 m®/g to 225 m*/g.
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